Introduction {#Sec1}
============

Almost 140 years ago, professor Theodor Engelmann showed that light color plays an important role in photosynthesis (Engelmann [@CR15]). In his classic experiment, Engelmann placed a filamentous green alga from the genus *Cladophora* on a microscopic slide, which he illuminated through a prism glass, thus dividing sunlight into separate wavelengths across the filament. By introducing aerotactic bacteria and observing in which regions of visible light these bacteria aggregated, he established that photosynthetic oxygen (O~2~) production occurred in red and blue light, thereby creating the first "living" action spectrum of chlorophyll.

In the following years, Engelmann continued his studies with cyanobacteria from the genus *Oscillatoria*, demonstrating that in these cyanobacteria, not only red and blue light but also orange light resulted in high O~2~ production rates (Engelmann [@CR16], [@CR17]). Engelmann's findings were criticized for many years, but 60 years later, his results were confirmed by Emerson and Lewis, who showed that the phycobiliproteins of cyanobacteria and red algae play a key role in light-harvesting for photosynthesis (Emerson and Lewis [@CR14]). We now know that these phycobiliproteins make up specialized light-harvesting antennae, called phycobilisomes (PBSs), consisting of an allophycocyanin core and stacked rods of phycocyanin often in combination with phycoerythrin. These phycobiliproteins consist of an apo-protein and one or more chromophores, also known as bilins, including phycocyanobilin absorbing orange light (620 nm), phycoerythrobilin absorbing green light (545 nm), and phycourobilin absorbing blue-green light (495 nm) (Grossman et al. [@CR24]; Tandeau de Marsac [@CR65]; Six et al. [@CR57]). Recent reviews on the structure and function of PBSs are provided by Tamary et al. ([@CR64]), Watanabe and Ikeuchi ([@CR72]), and Stadnichuk and Tropin ([@CR59]).

Light energy absorbed by PBSs is effectively transferred via allophycocyanin to the chlorophyll *a* (Chl *a*) pigments in the photosystems (Arnold and Oppenheimer [@CR3]; Duysens [@CR12]; Lemasson et al. [@CR34]). It has long been assumed that most PBSs transfer their energy to photosystem II (PSII). It is now well established, however, that cyanobacteria are able to re-balance excitation energy by moving PBSs between photosystem I (PSI) and PSII in a process called state transitions (van Thor et al. [@CR70]; Mullineaux [@CR38]). As a consequence of these state transitions, which occur at time scales of seconds to minutes, the PBSs associate with PSII (state 1) or PSI (state 2) and transfer the absorbed light energy to the reaction center of the photosystem they are associated with (Kirilovsky [@CR32]). At longer time scales, cyanobacteria can also adjust their PSI:PSII ratio to optimize their photosynthetic activity under different environmental conditions (Fujita [@CR20]). In cyanobacteria, the PSI:PSII ratio generally ranges between 5:1 and 2:1 depending on light quality and intensity, which is higher than the approximately 1:1 ratio often found in eukaryotic phototrophs (Shen et al. [@CR55]; Murakami et al. [@CR41]; Singh et al. [@CR56]; Allahverdiyeva et al. [@CR1]; Kirilovsky [@CR32]).

Since blue and red light are both strongly absorbed by Chl *a*, and the intermediate wavelengths by the different phycobiliproteins, one would expect that these light colors are all used for photochemistry at approximately equal efficiency. However, several studies have described that blue light yields lower O~2~ production rates than red light in cyanobacteria (Lemasson et al. [@CR34]; Pulich and van Baalen [@CR49]; Jørgensen et al. [@CR29]; Tyystjärvi et al. [@CR68]), in cyanolichens (Solhaug et al. [@CR58]), and also in PBS-containing red algae (Ley and Butler [@CR35]; Figueroa et al. [@CR19]). Furthermore, other studies noted that blue light resulted in lower growth rates in a variety of cyanobacteria (Wyman and Fay [@CR74]), including *Synechocystis* sp. PCC 6803 (Wilde et al. [@CR73]; Singh et al. [@CR56]; Bland and Angenent [@CR5]), *Synechococcus* sp. (Choi et al. [@CR10]), and *Spirulina platensis* (Wang et al. [@CR71]; Chen et al. [@CR8]).

A possible explanation for their poor performance in blue light might be that most chlorophyll of cyanobacteria is located in PSI (Myers et al. [@CR42]; Fujita [@CR20]; Solhaug et al. [@CR58]; Kirilovsky [@CR32]), and hence, blue light induces high PSI but low PSII activity. This phenomenon is also known from fluorescence studies, where the use of blue measuring light complicates interpretation of the fluorescence signal of cyanobacteria (Campbell et al. [@CR7]; Ogawa et al. [@CR44]). However, although several of the above-cited studies measured growth rates and/or pigment composition in different light colors, they did not report on, e.g., O~2~ production, PSI:PSII ratios, or state transitions. Conversely, other studies measured O~2~ production rates or PSI:PSII ratios but did not measure growth rates or other relevant parameters. To our knowledge, more comprehensive studies of the photophysiological response of cyanobacteria to blue light are largely lacking, and no clear consensus has yet been reached on the question why their photosynthetic activity might be hampered by blue light.

In this study, we compare the effect of blue light with that of orange and red light on the model cyanobacterium *Synechocystis* sp. PCC 6803. This cyanobacterium uses Chl *a* in its photosystems and phycocyanin but not phycoerythrin in its phycobilisomes, and hence effectively absorbs blue, orange, and red light. We investigate its photosynthetic performance, the composition of its photosynthetic machinery, and its growth rate at different light intensities for all three colors, and compare these results with growth of the green alga *Chlorella sorokiniana* and of other cyanobacteria containing phycocyanin and phycoerythrin. The experiments will make use of blue, orange, and red LED light with narrow-band wavelengths, which allows more precise investigation of the photosynthetic response to different light colors than the broad-band light filters used in the older literature. Our results demonstrate that blue light has a major impact on the photophysiology of cyanobacteria.

Materials and methods {#Sec2}
=====================

Strains and culture conditions {#Sec3}
------------------------------

The freshwater cyanobacterium *Synechocystis* sp. strain PCC 6803 and green alga *Chlorella sorokiniana* 211-8K were pre-grown in light-limited continuous cultures (1.8 L) as described by Huisman et al. ([@CR27]). The continuous cultures were provided with BG-11 medium supplemented with 5 mM Na~2~CO~3~ and maintained at 30 °C at a dilution rate of *D* = 0.015 h^−1^ (0.36 day^−1^). Steady-state culture densities were 7.8 × 10^7^ cells mL^−1^ for *Synechocystis* and 2.4 × 10^7^ cells mL^−1^ for *C. sorokiniana*. The cultures were mixed by bubbling with CO~2~-enriched air (2% v/v) flowing at a rate of 30 L h^−1^. Lighting was provided by white fluorescent tubes (Philips Master TL-D 90 De Luxe 18 W/965, Philips Lighting B.V., Eindhoven, The Netherlands) at an incident light intensity of 35 µmol photons m^−2^ s^−1^. Light intensities (PAR) were measured with an LI-250 light meter (LI-COR Biosciences, Lincoln, NE, USA). The CO~2~ concentration of the gas mixture was regularly monitored using an Environmental Gas Monitor for CO~2~ (EGM-4; PP Systems, Amesbury, MA, USA).

The marine cyanobacteria *Synechococcus* sp. strain CCY 9201 (formerly known as BS4) and *Synechococcus* sp. strain CCY 9202 (formerly known as BS5) were pre-grown in Erlenmeyer flasks at 21 °C with incident white light of 15 µmol photons m^−2^ s^−1^. Both *Synechococcus* strains were grown in brackish medium as described by Stomp et al. ([@CR61]).

For batch experiments using *Synechocystis* and *C. sorokiniana*, samples from each starter culture were diluted in fresh BG-11 medium supplemented with 20 mM NaHCO~3~. For batch experiments using *Synechococcus* sp. CCY 9201 and CCY 9202, samples from each pre-culture were diluted in fresh brackish medium. Each culture was diluted to an OD~750~ of 0.04 to allow light acclimation already in early cell generations, before density increases could be detected.

Batch experiments using an incubation shaker {#Sec4}
--------------------------------------------

To allow semi-high throughput screening of growth rates, an incubation shaker (Multitron Pro, Infors-HT, Velp, The Netherlands) was adapted at the University of Amsterdam Technology Centre for use with LED lighting (Fig. [1](#Fig1){ref-type="fig"}). The incubator was divided into three color zones separated by black curtains, with LED lamps (custom made by Philips Lighting B.V., Eindhoven, The Netherlands) positioned above each zone (Fig. [1](#Fig1){ref-type="fig"}a, b). The three color zones were illuminated by blue (450 nm), orange (625 nm), or red (660 nm) LED light, each with a full width at half maximum of \~ 20 nm. Emission spectra of the three LED light sources are shown in Fig. [2](#Fig2){ref-type="fig"}.

Fig. 1Experimental setup for the batch-culture experiments. **a** Schematic overview of the incubation shaker adapted for controlled experiments with phototrophic microorganisms. LED lights are placed above the incubator, which is partitioned into three color zones each containing a glass vessel mounted on a platform. **b** The incubation shaker in use with orange, blue, and red LED light. **c** Each glass vessel contains two six-well plates with a lid on which neutral density (ND) filters are attached to create different light intensities. Here, we show an example of *Synechocystis* sp. PCC 6803 batch cultures in blue light using 1.2, 0.6, 0.3, and 0.15 ND filters resulting in light intensities of 6, 22, 44, and 70 µmol photons m^−2^ s^−1^, respectively; each light intensity is applied in triplicate. **d** Photodiodes below each well provide automated recording of the light attenuation by each batch culture, from which high-resolution growth curves were calculated (Fig. S2). The growth curves shown here were calculated from the batch cultures in 70 µmol photons m^−2^ s^−1^ of red, orange, and blue light. Each growth curve is the average of three biological replicates

Fig. 2Light absorption spectra of the cyanobacterium *Synechocystis* sp. PCC 6803 (black line) and the green alga *C. sorokiniana* 211-8K (grey line) acclimated to 35 µmol photons m^−2^ s^−1^ white light. Light absorption peaks of Chl *a*, Chl *b*, and phycocyanin (PC) are indicated. Light absorption is normalized to minimum absorbance at 750 nm and maximum absorbance. Dashed lines show emission spectra of the blue (450 nm), orange (625 nm), and red (660 nm) LED light sources used in the experiments, each with a full width at half maximum of \~ 20 nm

Each color zone contained a glass vessel mounted on a rotating platform. Each glass vessel contained two six-well plates (Corning Costar, Sigma) for batch experiments, with lids on which neutral density (ND) filters (Controllux Lichttechniek BV, Alphen aan den Rijn, The Netherlands) were attached to create different light intensities. The six-well plates were sterilized prior to the experiments using 70% ethanol and air-dried in a laminar flow hood. We applied four light intensities (6, 22, 44, 70 µmol photons m^−2^ s^−1^) per color zone using 1.2, 0.6, 0.3, and 0.15 ND filters, respectively (Fig. [1](#Fig1){ref-type="fig"}c). Each light intensity was applied in triplicate. In addition, each glass vessel held a twelve-well plate, without lid, containing sterilized milli-Q water to maintain a high humidity within the vessel. CO~2~-enriched air (2000 ppm) was provided to the incubation shaker through a sterile 0.20 µm Midisart 2000 filter (Sartorius Stedim Biotech GmbH, Göttingen, Germany) to minimize the risk of infection. Temperature in the incubation shaker was maintained at 30 °C and rotation speed of the platform was 100 RPM.

Silicon photodiodes (OSI Optoelectronics, Hawthorne, CA, USA) fixed under each well measured light transmission at hourly intervals, thereby providing automated monitoring of the culture density in the wells. For each photodiode measurement, the applied treatment light was switched off while LED measurement light of 660 nm was switched on at the highest intensity of 185 ± 10 µmol photons m^−2^ s^−1^ for 2--4 s to allow a standardized comparison of the culture density between wells exposed to different treatments.

At the start of the experiments, samples taken from the pre-cultures were diluted in fresh mineral medium to an OD~750~ of 0.04. Subsequently, 5 mL culture of OD~750~ = 0.04 was transferred to each well in the six-well plates to initiate the batch experiments.

Growth curves {#Sec5}
-------------

Photodiodes converted the light intensity transmitted through the wells into a voltage signal. To calculate the specific growth rate, first the minimum recording was subtracted to remove the background signal of the photodiodes. The remaining signal can be interpreted as the light intensity *I*(*t*) measured at time *t*, transmitted through a well containing a cell density *X*(*t*) at time *t*. According to Lambert--Beer's law, this light intensity can be written as,$$\documentclass[12pt]{minimal}
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Hence, in case of exponential cell growth, we obtain the following:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\ln \left( {{I_{\hbox{max} }}/I\left( t \right)} \right)=kz{X_0}{e^{\mu t}},$$\end{document}$$where *X*~0~ is the cell density at time 0 and *µ* is the specific growth rate. Accordingly, the transformed signal ln(*I*~max~/*I*(*t*)) was fitted to an exponential trend line, and the specific growth rate, *µ*, was estimated from the coefficient in the exponent. More specifically, we established the exponential growth phase by plotting the transformed signal ln(*I*~max~/*I*(*t*)) on a logarithmic scale and used the data in the exponential growth phase to calculate the specific growth rate. Some illustrations of these calculations for batch experiments at 70 µmol photons m^−2^ s^−1^ of blue and red light are provided in Supplemental Fig. S2.

Sampling procedures {#Sec6}
-------------------

To assess differences in photophysiology of *Synechocystis* cells exposed to blue, orange, and red light, samples were taken in the exponential growth phase. Each experiment was run two times, using three wells per treatment to obtain triplicate measurements. The first run was used to calculate the specific growth rate and determine the timing of the exponential growth phase based on visual inspection of the transformed signal ln(*I*~max~/*I*(*t*)) plotted on a logarithmic scale. The next run was used to sample the wells during the exponential growth phase.

Samples were taken by opening the culture vessel within the incubator. First, 500 µL was transferred from each well to a fluorescence cuvette prefilled with 2.5 mL 30% glycerol. After mixing by pipetting up and down three times the cuvettes were immediately frozen in liquid nitrogen. This procedure was performed within 20 s to minimize disturbance, ensuring 77 K fluorescence measurements reflected the actual cell status at the moment of sampling. The cuvettes were kept submerged in liquid nitrogen until 77 K fluorescence analysis. Thereafter, an additional 1 mL sample was taken from each well and transferred to a separate cuvette for measurements of absorbance and cell counts.

Oxygen production rates {#Sec7}
-----------------------

O~2~ production by *Synechocystis* cells was measured with samples taken directly from the steady-state continuous culture acclimated to white light. Fresh samples were taken every 30 min and cell densities were determined after each measurement. Chl *a* content was measured spectrophotometrically after extraction in 80% (v/v) acetone/5% (v/v) DMSO (Porra et al. [@CR48]).

Three samples of 3 mL each were transferred simultaneously to three double-walled 3.2 mL glass chambers (UvA TC, Amsterdam) equipped with Firesting Optodes (Pyroscience, Aachen, Germany). Temperature was controlled by continuously pumping 30 °C water through the double wall. LED lamps were positioned on both sides of the three glass chambers to minimize shading. The LED lamps and O~2~-optodes were computer-controlled and the percentage of dissolved O~2~ was converted to µmol O~2~. The value for 0% O~2~ was set by flushing a water sample with pure nitrogen gas for at least 15 min and the 100% saturation value was set by flushing with compressed air (containing 20.9 vol% O~2~) for at least 15 min. O~2~-saturated BG-11 medium of 30 °C contains 234 µM O~2~ at one atmosphere.

Starting with 3 min darkness, samples were exposed to increasing light intensities from 0 to 450 µmol photons m^−2^ s^−1^ while O~2~ concentrations in the chamber were measured. The light intensity was increased every 3 min. The change in O~2~ concentration was calculated 20 s after the light intensity was set until 20 s before the next change in light intensity. O~2~ production rates (*P*) are presented as µmol O~2~ per mg Chl *a* per minute versus light intensity (*I*). The maximum rate of oxygen production (*P*~max~), photosynthetic efficiency (*α*, the initial slope of the curve at low light intensity) and oxygen consumption rate in darkness (*R*~d~) were estimated by fitting a hyperbolic tangent function to the data (Platt and Jassby [@CR47]):$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$P={P_{\hbox{max} ~}}\tanh \left( {\frac{{\alpha ~I}}{{{P_{\hbox{max} }}}}} \right) - {R_{\text{d}}}.$$\end{document}$$

The fits were based on a nonlinear least-squares regression using R version 3.3.3 (R Development Core Team [@CR50]).

Cell counts {#Sec8}
-----------

Cells were counted and their biovolume measured using a CASY 1 TTC cell counter with a 60 µm capillary (Schärfe Systems GmbH, Reutlingen, Germany), after diluting the samples to \~ 5×10^4^ cells mL^−1^ in Casyton solution.

Absorption and 77 K fluorescence spectra {#Sec9}
----------------------------------------

Light absorption spectra from 400 to 750 nm were measured with an updated Aminco DW2000 photospectrometer (OLIS, Bogart, GA, USA).

Samples for 77 K fluorescence measurements were analyzed using an OLIS DM45 spectrofluorimeter (OLIS, Bogart, GA, USA) equipped with a dewar cell. Cuvettes were kept submerged in liquid nitrogen and transferred to the measuring cell of the fluorimeter one at a time. We used 440 nm light to excite Chl *a* in the photosystems and 590 nm light to excite PBSs. Fluorescence emission was measured from 630 to 750 nm, yielding emission peaks at 695 and 725 nm for PSII and PSI, respectively, and two merged peaks around 650 to 665 nm for uncoupled PBSs and (allo)phycocyanin not involved in light harvesting. The ratios of the surface areas of these emission peaks are known to reflect the actual protein ratios quite accurately (Murakami [@CR40]; Schuurmans et al. [@CR54]).

Results {#Sec10}
=======

Light-harvesting pigments {#Sec11}
-------------------------

Figure [2](#Fig2){ref-type="fig"} shows light absorption spectra of the cyanobacterium *Synechocystis* sp. PCC 6803 and the green alga *Chlorella sorokiniana* 211-8K, when acclimated to 35 µmol photons m^−2^ s^−1^ of white light. The cyanobacterium has absorption peaks in the blue and red part of the spectrum (440 and 680 nm) due to chlorophyll *a* (Chl *a*), and in the orange part (620 nm) due to phycocyanin. Similar to the cyanobacterium, the green alga also has absorption peaks in the blue and red part of the spectrum (440 and 680 nm) due to Chl *a*. Adjacent to its Chl *a* peaks it has shoulders at 450--500 and 650--670 nm due to Chl *b*, while it lacks pigments specifically absorbing in the orange part of the spectrum. Both species also contain carotenoids, which absorb in the blue-green part (400--525 nm) of the spectrum but are not recognizable as separate peaks.

Growth rates in blue, orange and red light {#Sec12}
------------------------------------------

To assess the growth rates of *Synechocystis* and *C. sorokiniana* in relation to light absorption by their major light-harvesting pigments, both species were grown in triplicate in batch cultures exposed to four different intensities of either blue (450 nm), orange (625 nm) or red light (660 nm) (Fig. [1](#Fig1){ref-type="fig"}).

Specific growth rates of the cyanobacterium *Synechocystis* sp. PCC 6803 were similar in orange and red light, but much lower in blue light at all four intensities (Fig. [3](#Fig3){ref-type="fig"}a). Specific growth rates of the green alga *C. sorokiniana* were similar in blue and red light, but lower in orange light (Fig. [3](#Fig3){ref-type="fig"}b).

Fig. 3Specific growth rates of the cyanobacterium *Synechocystis* sp. PCC 6803 (**a**) and the green alga *C. sorokiniana* 211-8K (**b**) in batch cultures exposed to blue (blue diamonds), orange (orange circles) and red light (red triangles) at four different light intensities. Results are averages of three biological replicates ± SD; error bars are not visible when SD is smaller than symbol size

Could addition of a minor amount of red light alleviate the inefficiency of blue light in *Synechocystis*? To address this question, we performed additional batch experiments in which *Synechocystis* and *C. sorokiniana* were exposed to mixtures of blue light (450 nm) and red light (660 nm) with a total intensity of 70 µmol photons m^−2^ s^−1^ (Fig. [4](#Fig4){ref-type="fig"}). The specific growth rate of *C. sorokiniana* did not change with the percentage red light. In contrast, the specific growth rate of *Synechocystis* strongly increased with the percentage red light, up to 65% red light, and then gradually saturated (Fig. [4](#Fig4){ref-type="fig"}). We conjecture that growth rate saturated above 65% red light (i.e., \~ 45 µmol photons m^−2^ s^−1^), because this percentage provided sufficient red light to saturate the photosynthetic rate (see Fig. [5](#Fig5){ref-type="fig"}). Hence, we did not observe a distinct enhancement effect in *Synechocystis* when blue and red light were combined, but rather a saturating increase of the growth rate in response to the relative availability of red to blue light.

Fig. 4Specific growth rates of the cyanobacterium *Synechocystis* sp. PCC 6803 (black circles) and the green alga *C. sorokiniana* (grey diamonds) in batch cultures exposed to different combinations of red and blue light with a total light intensity of 70 µmol photons m^−2^ s^−1^. Results are averages of three biological replicates ± SD; error bars are not visible when SD is smaller than the symbol size. The data were fitted to a polynomial trendline (using a third-order polynomial for *Synechocystis* and a constant for *C. sorokiniana*)

Fig. 5Net O~2~ production by *Synechocystis* sp. PCC 6803 exposed to blue (blue diamonds), orange (orange circles) and red light (red triangles) at different light intensities. *Synechocystis* cells were sampled from a steady-state continuous culture acclimated to white light, and subsequently exposed to the different light colors in an airtight glass chamber to measure O~2~ production using optodes. Data show the averages of three biological replicates ± SD; error bars are not visible when SD is smaller than the symbol size. Solid lines represent fitted *p*--*I* curves using the hyperbolic tangent function; see Table [1](#Tab1){ref-type="table"} for parameter estimates

Table 1Photosynthetic parameters estimated by fitting a hyperbolic tangent to the O~2~ production rates (in µmol O~2~ mg Chl *a*^−1^ min^−1^)Light source*P* ~max~α*R* ~d~Blue79.50.374.4Orange85.93.385.1Red86.42.382.9

Oxygen production is lower in blue light {#Sec13}
----------------------------------------

To investigate the effects of blue light in further detail, O~2~ production rates of *Synechocystis* were measured at increasing intensities of blue (450 nm), orange (625 nm) and red light (660 nm). For this purpose, samples pre-acclimated to white light were transferred to temperature-controlled and airtight flasks, where they were exposed to blue, orange and red light while monitoring O~2~ concentrations.

The O~2~ production rates of *Synechocystis* responded in the same way to light color as the specific growth rates. The increase in O~2~ production with irradiance (i.e., the slope *α* of the *p*--*I* curve) was similar in orange and red light, but much lower in blue light (Fig. [5](#Fig5){ref-type="fig"}; Table [1](#Tab1){ref-type="table"}). Photosynthetic O~2~ production saturated at \~ 50 µmol photons m^−2^ s^−1^ in orange and red light but continued to increase with intensity up to \~ 300 µmol photons m^−2^ s^−1^ in blue light. Interestingly, at these high intensities, photosynthetic activity in blue light approached an almost similar maximum O~2~ production rate (i.e., similar *P*~max~) as in orange and red light (Fig. [5](#Fig5){ref-type="fig"}; Table [1](#Tab1){ref-type="table"}).

Absorption spectra and PSI:PSII stoichiometry {#Sec14}
---------------------------------------------

Absorption spectra and 77 K fluorescence emission spectra were measured in batch cultures of *Synechocystis* exposed to either blue, orange or red light at four different light intensities (Figs. [6](#Fig6){ref-type="fig"}, [7](#Fig7){ref-type="fig"}). The absorption spectra show that the ratio between the phycocyanin peak at 620 nm and Chl *a* peak at 680 nm was higher in blue than in orange and red light, indicating that the phycocyanin content increased relative to Chl *a* when cells were grown in blue light. Furthermore, the absorption shoulder at 470--500 nm, indicative of carotenoids, increased with light intensity in red light and to a lesser extent also in orange light, but not in blue light (Fig. [6](#Fig6){ref-type="fig"}).

Fig. 6Absorption spectra of *Synechocystis* sp. PCC 6803 in batch cultures exposed to **a** blue light, **b** orange light, and **c** red light at four different light intensities (6, 22, 44 and 70 µmol photons m^−2^ s^−1^). Light absorption peaks by Chl *a* and phycocyanin (PC) are indicated. Spectra show the averages of three biological replicates, and are normalized to minimum absorbance at 750 nm and maximum absorbance at 440 nm

Fig. 7Low-temperature (77 K) fluorescence emission spectra of *Synechocystis* sp. PCC 6803 in batch cultures exposed to **a, d** blue light, **b, e** orange light, and **c, f** red light at four different light intensities (6, 22, 44 and 70 µmol photons m^−2^ s^−1^). **a**--**c** Excitation of Chl *a* at 440 nm yields fluorescence emission peaks at 695 nm for PSII and at 720 nm for PSI. **d**--**f** Excitation of phycocyanin at 590 nm yields fluorescence emission peaks at 695 nm when PBSs are coupled to PSII (state 1) and at 720 nm when coupled to PSI (state 2). PBSs that are decoupled from the photosystems, or phycocyanin that is not incorporated into PBSs, result in fluorescence emission from phycocyanin and allophycocyanin at 650--665 nm. Spectra show the averages of three biological replicates, and are normalized to the minimum and maximum emission of each spectrum

PSI:PSII ratios of *Synechocystis* were studied by means of low-temperature (77 K) fluorescence spectroscopy (Fig. [7](#Fig7){ref-type="fig"}a--c). By freezing cells at 77 K immediately after sampling, the positions of the photosynthetic components are fixed. However, excitation energy can still be transferred to the reaction centers. The subsequent fluorescence emission by the reactions centers of PSI and PSII provides insight into the relative amounts of the two photosystems.

Figure [7](#Fig7){ref-type="fig"}a--c show fluorescence emission spectra upon excitation of Chl *a* at 440 nm, which yields fluorescence emission peaks at 695 nm for PSII and at 725 nm for PSI. *Synechocystis* cells acclimated to orange and red light showed very similar results (Fig. [7](#Fig7){ref-type="fig"}b, c), with a PSI:PSII fluorescence emission ratio of \~ 4:1 at all four light intensities. In contrast, *Synechocystis* cells acclimated to blue light showed a less characteristic photosystem stoichiometry, with a PSI:PSII fluorescence emission ratio of \~ 1.2:1 at 6, 22 and 44 µmol photons m^−2^ s^−1^ and of \~ 1.4:1 at 70 µmol photons m^−2^ s^−1^, (Fig. [7](#Fig7){ref-type="fig"}a). Hence, blue light reduced the PSI:PSII ratio of *Synechocystis*.

Changes in state transitions {#Sec15}
----------------------------

Low-temperature (77 K) fluorescence also provides insight into the coupling of phycobilisomes (PBSs) to the reaction centers of PSI and PSII, and hence into state transitions. Figure [7](#Fig7){ref-type="fig"}d--f show fluorescence emission spectra upon excitation at 590 nm of phycocyanin, which is the major phycobiliprotein in PBSs of *Synechocystis* sp. PCC 6803. If PBSs are decoupled from the reaction centers, or phycocyanin is not incorporated into PBSs, excitation of phycocyanin results in fluorescence emission at 650--665 nm. If PBSs are coupled to the reaction centers, the excitation energy is transferred from the PBSs to the reaction centers, resulting in fluorescence emission peaks at 695 nm when coupled to PSII (state 1) or at 725 nm when coupled to PSI (state 2).

In *Synechocystis* cells acclimated to blue light, fluorescence emission by PSII at 695 nm was much higher than fluorescence emission by PSI at 725 nm (Fig. [7](#Fig7){ref-type="fig"}d). This indicates that, in blue light, most PBSs transferred their harvested light energy to PSII. By contrast, the difference in fluorescence emission by PSII and PSI was much less pronounced in cells exposed to orange and red light (Fig. [7](#Fig7){ref-type="fig"}e, f), indicating that in orange and red light the excitation energy harvested by the PBSs was distributed more or less evenly over both photosystems. We further note that in orange and red light a relatively large fraction of the PBSs seemed not functional in light-harvesting, as fluorescence emission at 650--665 nm was quite prominent (Fig. [7](#Fig7){ref-type="fig"}e, f).

Comparison with other picocyanobacteria {#Sec16}
---------------------------------------

To assess whether the low growth efficiency in blue light is a common phenomenon in cyanobacteria, growth rates were also determined for two marine *Synechococcus* strains, CCY 9201 (formerly known as BS4) and CCY 9202 (formerly BS5). These two picocyanobacteria are of considerable interest, because of their very close genetic relatedness based on the 16S rRNA-ITS operon, while they absorb different parts of the light spectrum because of their different phycobiliproteins (Stomp et al. [@CR61]; Haverkamp et al. [@CR26]). *Synechococcus* sp. CCY 9201 has a similar pigmentation as *Synechocystis* sp. PCC 6803: both utilize the orange-light absorbing phycocyanin in their light-harvesting antennae. In contrast, *Synechococcus* sp. CCY 9202 contains high amounts of phycoerythrin, with which it strongly absorbs in the green part (525--575 nm) of the spectrum (Supplemental Fig. S1).

*Synechococcus* sp. CCY 9201 had its lowest growth rate in blue light, and an eight-fold higher specific growth rate in orange and red light (Fig. [8](#Fig8){ref-type="fig"}). The specific growth rate of the phycoerythrin-rich strain CCY 9202 was also lowest in blue light, and it had a three- to four-fold higher specific growth rate in orange and red light, respectively. Hence, both *Synechococcus* strains displayed a qualitatively similar growth response as *Synechocystis* sp. PCC 6803. These results show that the diminished growth rate in blue light is not unique to phycocyanin-rich cyanobacteria, but can also be found in phycoerythrin-rich cyanobacteria.

Fig. 8Specific growth rates of the green alga *C. sorokiniana* 211-8K and the cyanobacteria *Synechocystis* sp. PCC 6803, *Synechococcus* sp. CCY 9201 and *Synechococcus* sp. CCY 9202 in batch cultures exposed to blue, orange and red light at an intensity of 44 µmol photons m^−2^ s^−1^. Light absorption spectra of these four species are provided in Supplemental Fig. S1. Results show the averages of three biological replicates ± SD

Discussion {#Sec17}
==========

Our results show that the cyanobacterium *Synechocystis* sp. PCC 6803 absorbs blue light to at least a similar extent as orange and red light (Figs. [2](#Fig2){ref-type="fig"}, [6](#Fig6){ref-type="fig"}), but uses the absorbed blue light much less effectively for oxygenic photosynthesis and growth (Figs. [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"}). The poor photosynthetic performance of cyanobacteria in blue light has also been reported by several earlier studies (e.g., Lemasson et al. [@CR34]; Wyman and Fay [@CR74]; Wilde et al. [@CR73]; Tyystjärvi et al. [@CR68]; Wang et al. [@CR71]; Singh et al. [@CR56]; Chen et al. [@CR8]; Choi et al. [@CR10]; Solhaug et al. [@CR58]; Bland and Angenent [@CR5]), but in-depth investigations were still lacking. Our results support the hypothesis that blue light creates an imbalance between the two photosystems, with an excess of energy at the PSI-side and a deficiency at the PSII-side of the photosynthetic electron transport chain of cyanobacteria (e.g., Solhaug et al. [@CR58]; Kirilovsky [@CR32]). This hypothesis is explained below.

In orange and red light, cyanobacteria usually have 2--5 times more PSI than PSII (Fig. [7](#Fig7){ref-type="fig"}a--c; see also Singh et al. [@CR56]; Allahverdiyeva et al. [@CR1]; Kirilovsky [@CR32]). Furthermore, cyanobacterial PSI contains around 100 molecules of Chl *a* (Jordan et al. [@CR28]; Kennis et al. [@CR31]), while a single PSII contains only about 35 Chl *a* molecules (Guskov et al. [@CR25]; Umena et al. [@CR69]). Hence, cyanobacteria invest much more of their chlorophyll in PSI than in PSII, and, therefore, PSI will absorb more photons than PSII (e.g., Myers et al. [@CR42]; Fujita [@CR20]). This dissimilarity between the two photosystems is compensated for by the light-harvesting PBSs, which tend to be associated mostly with PSII and hence transfer most of their absorbed photons to PSII (van Thor et al. [@CR70]; Joshua et al. [@CR30]; Mullineaux [@CR38]). In this way, cyanobacteria can maintain linear electron flow by balancing excitation energy between the two photosystems, which will enable the production of both ATP and NADPH required for growth (Allen [@CR2]; Nogales et al. [@CR43]; Mullineaux [@CR39]).

In blue light, the PBSs do not absorb photons very effectively, because the short wavelength of 450 nm does not match the absorption spectrum of phycocyanin (Fig. [2](#Fig2){ref-type="fig"}; see also, e.g., Tandeau de Marsac [@CR65]; Six et al. [@CR57]). Hence, in blue light, the PBSs hardly transfer any light energy to PSII. In contrast, the chlorophylls of the more abundant PSI still absorb blue light effectively. Moreover, in cyanobacteria, β-carotenes absorbing blue and green wavelengths are also more abundant in PSI than PSII and further contribute to photosynthetic light harvesting by PSI (Ritz et al. [@CR51]; Takaichi [@CR63]; Stamatakis et al. [@CR60]). Hence, most blue photons are absorbed at PSI, while in comparison PSII has a severe shortage of photons, which will suppress linear electron transport. This is supported by the low O~2~ production rates that we measured when the cyanobacteria were exposed to limiting levels of blue light. Interestingly, once the intensity of blue light was high enough to saturate PSII, the O~2~ production rate in blue light approached the rate found in orange and red light (Fig. [5](#Fig5){ref-type="fig"}).

The important role of PBS in the distribution of excitation energy over the two photosystems is illustrated by a study of Campbell ([@CR6]) on complementary chromatic adaptation of the cyanobacterium *Calothrix* sp. strain PCC 7601. When acclimated to green light the PBSs of this species contain mostly phycoerythrin, while they contain mostly phycocyanin when adapted to red light. Rates of photosynthesis were similar in both light colors, but 77 K fluorescence emission revealed major differences in the distribution of light by the PBSs. Similar to our experimental results, red light (600--750 nm) applied by Campbell ([@CR6]) was absorbed by both Chl *a* and (allo)phycocyanin, and the PBSs of red-light acclimated cells were mostly associated with PSII while Chl *a* harvested light for PSI. In contrast, green light (500--575 nm) was only absorbed by phycoerythrin, and the phycoerythrin-containing PBSs of green-light acclimated cells transferred light energy to both PSI and PSII to maintain the balance between these two photosystems.

Our results indicate that blue-light acclimated cells attempt to restore the balance between the two photosystems in a similar way. Fluorescence emission by the two photosystems after excitation of Chl *a* at 440 nm showed that blue-light acclimated cells decrease their PSI:PSII ratio (Fig. [7](#Fig7){ref-type="fig"}a--c), which will increase light absorption by PSII relative to PSI. Furthermore, fluorescence emission after excitation of phycocyanin at 590 nm revealed that blue-light acclimated cells associate even more of their PBSs with PSII than cells acclimated to orange and red light (Fig. [7](#Fig7){ref-type="fig"}d--f). All these results indicate that cells exposed to blue light try to increase the transfer of light energy to PSII, to restore the balance. Yet, the low O~2~ production rates indicate that cells in blue light are still unable to sustain a high rate of linear electron flow in comparison to those in orange and red light, unless saturating amounts of blue light are provided.

Previous research has shown that in high CO~2~ conditions, cyanobacteria decrease their PSI:PSII ratio and increase phycocyanin relative to Chl *a* (MacKenzie et al. [@CR37]; Eisenhut et al. [@CR13]). These changes are similar to the changes we observed in blue-light acclimated cultures, indicative of an increased transfer of light energy to PSII at high CO~2~ conditions. Since our experiments were also performed at high CO~2~ conditions, the results of MacKenzie et al. ([@CR37]) and Eisenhut et al. ([@CR13]) suggest that the photosynthetic efficiency of cyanobacteria in blue light might be even lower under carbon-limiting conditions.

Since red light is also absorbed by Chl *a*, why did red light not give the same results as blue light? The answer is probably related to the wavelength of 660 nm that we used as the red-light source in our experiments. This wavelength is already longer than the 620--650 nm-red light used in many previous studies (Wyman and Fay [@CR74]; Figueroa et al. [@CR19]; Wang et al. [@CR71]; Singh et al. [@CR56]; Chen et al. [@CR8]; Choi et al. [@CR10]; Solhaug et al. [@CR58]; Zavřel et al. [@CR76]). This range of wavelengths around 660 nm is absorbed not only by chlorophyll, but also very effectively by allophycocyanin in the core of the PBS (Lemasson et al. [@CR34]; Glazer and Bryant [@CR21]; MacColl [@CR36]). Hence, the PBSs can still redistribute photons of 660 nm over both photosystems, as indicated by the 77 K fluorescence data of the red-light acclimated cells after excitation of the PBSs (Fig. [7](#Fig7){ref-type="fig"}f). One would expect that cells grown with red light at a longer wavelength of 680 nm, which is much less absorbed by allophycocyanin and hence specifically targets Chl *a*, would display similar results as our blue-light exposed cells. Indeed, other studies provide support for this hypothesis. For instance, Murakami ([@CR40]) showed that *Synechocystis* sp. PCC 6714 had a substantially lower PSI:PSII ratio when grown at 680-nm red light than at 650-nm red light, resembling the low PSI:PSII ratio that we found for *Synechocystis* sp. PCC 6803 in blue light. Bland and Angenent ([@CR5]) found that *Synechocystis* sp. PCC 6803 had a lower specific growth rate at 680 nm than at 660 nm, although the growth rate was even lower in blue light (440 and 460 nm). Blue-light absorbing β-carotenes are more abundant in PSI than in PSII, and in cyanobacteria they contribute to light harvesting only for PSI (Stamatakis et al. [@CR60]). Hence, we speculate that blue light causes an even stronger imbalance between PSI and PSII than red light of 680 nm, which may explain their observation (Bland and Angenent [@CR5]) that the growth rate was even lower in blue light than in red light of 680 nm.

Our findings show that the poor performance in blue light is not specific for the freshwater cyanobacterium *Synechocystis* sp. PCC 6803, but also applies to marine cyanobacteria including both phycocyanin-rich strains such as *Synechococcus* sp. CCY 9201 and phycoerythrin-rich strains such as *Synechococcus* sp. CCY 9202 (Fig. [8](#Fig8){ref-type="fig"}). The low rates of growth and photosynthesis in blue light even extend to red algae which also possess PBSs composed of phycocyanin and phycoerythrin (Ley and Butler [@CR35]; Figueroa et al. [@CR19]). Hence, although the chromophores phycoerythrobilin and phycourobilin absorb green light (absorption peak at 545 nm) and blue-green light (495 nm), respectively, these organisms are not able to absorb and redistribute deep blue light (\< 450 nm) very effectively between the two photosystems.

In green algae, growth rates in blue and red light are comparable (Fig. [3](#Fig3){ref-type="fig"}b; see also Teo et al. [@CR66]; Yan and Zheng [@CR75]; Zhao et al. [@CR77]; de Mooij et al. [@CR11]), thus blue light does not seem to result in an excitation imbalance between their PSII and PSI. Green algae maintain a lower PSI:PSII ratio than cyanobacteria (Murakami et al. [@CR41]; Kirilovsky [@CR32]) and utilize light-harvesting antennae composed of Chl *a* and *b* (Kühlbrandt et al. [@CR33]). Additionally, green algae are able to use blue light more efficiently due to a wider variety of light-harvesting carotenoids, in their photosystems and light-harvesting antennae, which also absorb photons in the blue-green part of the visible light spectrum (Takaichi [@CR63]). Contrary to cyanobacteria, these carotenoids harvest light energy not only for PSI, but also for PSII (Goedheer [@CR22]). Hence, in contrast to the cyanobacterial PBSs, the light-harvesting antennae of green algae absorb both blue and red light, and transfer the absorbed light energy to both PSI and PSII in a balanced way.

Our results help to explain why *Prochlorococcus* species dominate over *Synechococcus* species in the oligotrophic oceans (Partensky et al. [@CR46]; Biller et al. [@CR4]). Because red light is strongly absorbed by water molecules, blue light (400--500 nm) prevails in the deeper water layers of the open ocean (Stomp et al. [@CR62]). Instead of PBSs, *Prochlorococcus* utilizes light-harvesting antennae composed of divinyl Chl *a* and *b* (Chisholm et al. [@CR9]; Ting et al. [@CR67]). Consequently, like green algae, they can balance the amply available blue light between both photosystems. In contrast, *Synechococcus* species utilize blue light much less effectively. The PBSs of marine *Synechococcus* strains of the oligotrophic ocean often contain high contents of phycourobilin (Palenik [@CR45]; Everroad et al. [@CR18]; Six et al. [@CR57]; Grébert et al. [@CR23]), with which they do absorb blue-green light (495 nm). However, none of the phycobiliproteins described so far extends its absorption to the deep-blue wavelengths (\< 450 nm) that form a major part of the underwater light spectrum characteristic of the oligotrophic ocean. Hence, not only does blue light offer a suitable habitat for the chlorophyll-based light-harvesting antennae of *Prochlorococcus*, as has been described by many previous studies (Scanlan and West [@CR53]; Ting et al. [@CR67]; Rocap et al. [@CR52]; Stomp et al. [@CR62]), but blue light (\< 450 nm) is also less suitable for phycobilisome-containing cyanobacteria such as *Synechococcus*.
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Supplementary material 1. **Fig. S1** Light absorption spectra of three cyanobacteria and a green alga. All four species have absorption peaks for Chl *a* (440 and 680 nm) and carotenoids (400-525 nm). The cyanobacteria *Synechocystis* sp. PCC 6803 (black solid line) and *Synechococcus* sp. CCY 9201 (black dashed line) have an additional absorption peak for phycocyanin (PC) at 620 nm. The cyanobacterium *Synechococcus* sp. CCY 9202 (grey dotted line) has an additional absorption peak for phycoerythrin (PE) at 565 nm. The green alga *C. sorokiniana* (grey solid line) has additional absorption shoulders for Chl *b* at 450-500 nm and 650-670 nm. The species were all grown at 35 μmol photons·m^-2^·s^-1^ of white light (PDF 504 KB)

Supplementary material 2. **Fig. S2** Calculation of the specific growth rate from photodiode reads of batch cultures in the incubation shaker. Here we show examples for three replicate batch cultures of *Synechocystis* sp. PCC 6803 grown in blue (**a**-**d**) and red light (**e**-**h**) at 70 μmol photons·m^-2^·s^-1^. **a,e** The photodiodes record voltage as a measure of light intensity. **b,f** First, the minimum recording was subtracted to remove the background signal of the photodiodes and, subsequently, the photodiode reads were normalized by dividing the data by the recording of mineral medium without cells. **c,g** Next, data were ln-transformed and multiplied by -1. **d,h** Finally, the ln-transformed data were presented on a logarithmic scale and we used the linear part of these growth curves to calculate the specific growth rate by fitting an exponential trendline to the data. The three replicates resulted in three specific growth rates for each experimental condition (PDF 580 KB)

Hans C. P. Matthijs: Deceased, April 17, 2016.

This manuscript is dedicated to the memory of our dear colleague and co-author Dr. Hans C. P. Matthijs, who initiated and encouraged the research reported here. We are most grateful to Tania S. Darphorn and Joris Solleveld for their help with the experiments and to Theo van Lieshout, Gerrit Hardeman, Mattijs Bakker and Johan Mozes of the Technology Centre of the University of Amsterdam for their help in designing and manufacturing the experimental incubator. We thank Douglas Campbell and an anonymous reviewer for constructive comments on the manuscript, and participants of the Wetsus research theme "Algae" and the FAME department of the University of Amsterdam for fruitful discussions. This work has been performed in the cooperation framework of Wetsus, European Centre of Excellence for Sustainable Water Technology (<http://www.wetsus.eu>). Wetsus is co-funded by the Dutch Ministry of Economic Affairs and Ministry of Infrastructure and Environment, the Province of Fryslân and the Northern Netherlands Provinces.

VML, HCPM and AMV conceived the original research plan; HCPM, JMS and VML designed the experiments; VML performed the experiments and analyzed the data, with technical assistance from JMS and scientific supervision by HCPM, KJH and JH; VML, JMS and JH wrote the manuscript, and all authors except our late co-author HCPM commented on the final version.

Conflict of interest {#FPar1}
====================

The authors declare that they have no conflict of interest.
